Abstract The tolerance to freezing and thawing of Leucodon sciuroides, a moss growing in mountainous areas of the Mediterranean (south-east Spain), was investigated by means of CO 2 gas exchange, modulated chlorophyll (Chl) a¯uorescence and pigment analysis by high-performance liquid chromatography. Evidence is presented for freezing-induced decreases in CO 2 ®xation that enhance non-radiative dissipation of absorbed light energy, a process which protects the photosynthetic apparatus. The photosynthetic apparatus of L. sciuroides remained fully recuperable after freezing, as indicated by the recovery of photosynthetic CO 2 ®xation and Chl uorescence parameters to pre-freezing values during thawing. The rapid recovery of photosynthesis activity during thawing in L. sciuroides suggests that this moss is capable of tolerating freeze-thaw cycles in a manner similar to that found at higher latitudes or in the Antarctic. The resistance of the photosynthetic apparatus of this moss to freezing might be achieved, at least partially, through the employment of dissipative pathways, such as non-radiative dissipation of absorbed light energy.
Introduction
In the mountainous areas of the Mediterranean, where snow cover is restricted, moss can be exposed to freezing temperatures during the night. Subsequent thawing in the early morning hours hydrates plants while they are exposed to the light. The various types of injuries induced by freeze-thaw cycles are considered among the most severe physical stresses that aect polar and alpine plants (Kennedy 1993; Schroeter and Scheidegger 1995) . Freezing and thawing in the light reduce photosynthetic rates in a variety of plants including mosses (Kennedy 1993; Davey 1997a Davey , 1997b . A given light level is more harmful at lower than at higher temperatures, since a much smaller fraction of the absorbed light energy is utilized for carbon assimilation O È quist and Huner 1993; Adams and Demmig-Adams 1995) . Thus, bryophytes seem particularly predisposed to photoinhibitory damage during winter when they must endure almost daily freeze-thaw cycles.
The majority of studies on the eects of freeze-thaw cycles on photosynthesis in bryophytes have involved species which are often from high latitudes of the northern hemisphere or the Antarctic (Kennedy 1993; Lovelock et al. 1995a Lovelock et al. , 1995b Davey 1997a) . As a result, the freezing tolerance of mosses from these habitats has been well established, but less information is available for mosses of temperate zones. Additionally, few data can be found in the literature on the eects of freezethaw cycles upon the precise coordinated measurements of chlorophyll (Chl) a¯uorescence, xanthophyll cycle activity, and net photosynthetic rate in mosses. Thus, the present study was undertaken to evaluate the operational state of the photosynthetic apparatus of Leucodon sciuroides var. morensis during freeze-thaw stress. This moss species is exposed to frequent frosts during the winter in Mediterranean mountain areas. To achieve our goal, changes in photosytem (PS)II activity, photosynthetic gas exchange and pigment interconversions during freezing and thawing were recorded. Comparisons of the relationships between¯uorescence parameters and CO 2 ®xation at varying temperatures enable an analysis of the operation and regulation of electron transport and dissipative activity relative to CO 2 ®xation. Additionally, monitoring the changes in photosynthetic pigment composition oers a potential means to follow changes and possible damage to the photosynthetic apparatus. Our hypothesis was that L. sciuroides may protect its photosynthetic apparatus from damage as low temperatures limit the use of light in photosynthesis. Evidence is presented for a freezing-induced decrease in PSII eciency, due to a dynamic downregulation of PSII, which recovers during subsequent thawing.
Materials and methods

Plant material and site description
Leucodon sciuroides (Hedw.) Schwaegr. var. morensis (Limpr.) De Not. was collected in the naturally dried state from rock outcrops in Sierra del Toro (CastelloÂ n, east Spain) in January. The yearly mean duration of snow cover at this site is 38.2 days, whereas the period during which freezing events occur extends from the end of October to the end of April (PeÂ rez-Cueva 1994). Plant material was transferred to a controlled environment and maintained (10:5°C 10:14 h photoperiod) there for 4 days prior to experiments to allow acclimation to a common set of laboratory conditions. The plants were sprayed with distilled water once every morning to simulate the daily remoistening by dew.
Measurement of in vivo Chl a¯uorescence
Freeze-thaw cycles were conducted on fully hydrated moss cores. The freezing and thawing rate used in the experiments was 3°C h A1 . In vivo Chl a¯uorescence was measured with a pulse-modulated¯uo-rometer (PAM-2000, Walz, Eeltrich, Germany). Measurements were made by placing the optic ®bre in close proximity to the plant material. To minimise scattering of data, the initial position of the optic ®bre was not changed throughout the experiment. Moss temperatures were measured with a thermopar. Each of the following experiments was performed on ®ve dierent moss cores, so that the data shown in ®gures correspond to the mean SD of ®ve samples except in Fig. 2 , where the results of a typical experiment are shown.
Experiment 1: determination of F o and F m during freezing and thawing in darkness The kinetics of the minimal (dark)¯uorescence yield, F o , obtained upon excitation of thalli with a weak measuring beam from a lightemitting diode, the maximal¯uorescence yield, F m , determined with a 600-ms saturating pulse of white light to close all reaction centres, and the¯uorescence ratio F v /F m were recorded during freeze-thaw cycles in darkness. Variable¯uorescence, F v , was calculated as as
Experiment 2: Chl¯uorescence induction kinetics during freezing and thawing Shoots of L. sciuroides were gradually frozen in darkness. At selected temperatures of 15, 5, 0, A5 and A10°C during freezing and thawing,¯uorescence induction kinetics with additional saturating pulses at 1-min intervals were performed on the same sample. Two minutes before the end of the kinetics, the actinic illumination was switched o and far-red light was provided. This allowed determination of the p (Schreiber et al. 1986 ). The excitation capture eciency of PSII units was calculated as p
The actual PSII eciency, F PSII , closely associated with the quantum yield of non-cyclic electron transport, was calculated as (p (Genty et al. 1989 ).
Experiment 4: determination of F PSII , q P and NPQ during thawing in the light of dark-frozen samples
The samples were kept in darkness at 15°C for 15 min for determination of F o and F m as described above. Subsequently, the temperature was progressively lowered at a rate of 3°C h A1 in darkness. When temperatures of A5°C were reached, the actinic light was switched on and the kinetics of the¯uorescence parameters recorded during thawing.
Gas exchange measurements
At selected temperatures, the rate of CO 2 ®xation was measured in a small closed plexiglass cuvette (of approximately 300 ml) based on the discrete sampling technique developed by Larson and Kershaw (1975) . Moss samples were placed within the cuvette which was air tight. The cuvettes were¯ushed with air of a certi®ed CO 2 concentration and the opening was sealed. After a 10-min incubation, a 1-ml air sample was withdrawn using a syringe and injected into a CO 2 -free air stream passing through an infra-red gas analyser LCA-4 type (ADC, Hoddesdon, UK) set in the dierential mode. The peak height was calibrated against known CO 2 concentrations by injection of standards. The dry weight (105°C, 24 h) of the samples was recorded and the net CO 2 assimilation expressed as uptake in mg CO 2 g A1 h A1 . Gas exchange experiments were performed on ®ve dierent moss samples.
Chlorophyll and carotenoid estimation
Pigment analysis was conducted on the following samples: (1) fully hydrated and dark adapted (12 h in darkness, 10°C); (2) dark adapted and illuminated for 4 h in the light (240 lmol m A2 s A1 ); (3) frozen in the light at a cooling rate of 3°C h
A1
. Samples were frozen in liquid nitrogen and ground with pure acetone and sodium ascorbate (AbadõÂ a and AbadõÂ a 1993). Pigments were separated and quanti®ed by non-aqueous reverse-phase high-performance liquid chromatography (de las Rivas et al. 1989) . Pigment concentrations were expressed on a Chl a basis. The conversion of the xanthophyll pool ± violaxanthin (Vio), antheraxanthin (Ant) and zeaxanthin (Zea) ± to Ant and Zea, is described by the de-epoxidation state of the xanthophyll pool or DPS=(Ant + Zea)/(Vio + Ant + Zea). Pigment analysis was conducted on ®ve dierent samples for each set of samples.
Results
Determination of F o and F m during freezing and thawing in darkness
To investigate the time courses of F o , F m and F v /F m , saturating pulses were provided during freezing and thawing in darkness (Fig. 1) . Plant freezing strongly aected¯uorescence emission. The parameters F o , F m and F v /F m (Fig. 1a±c ) remained approximately constant until A2°C. Below this temperature, all parameters declined steeply. Nevertheless, the decline in F o and F m was not simultaneous. For example, at A5°C, F o had experienced a 7.86% decrease with respect to its original values, whereas F m had experienced a 27.56% decline. These drops caused the fall in F v /F m . Subsequent thawing in darkness raised F o and F m to the original values before freezing (Fig. 1d, e) . F v /F m also recovered without a delay (Fig. 1f) .
Chl¯uorescence induction kinetics during freezing and thawing The¯uorescence traces of the changes in Chl¯uores-cence emission upon transition from darkness to light during freezing are shown in Fig. 2a±e . At 15°C these curves were characterized by a high level of variablē uorescence (F v ) and by a marked¯uorescence quenching upon illumination (Fig. 2a) . The amplitude of the F v signal is related to the ability of PSII to reduce Q A ± the variable yield is maximal when the primary quinone electron acceptor Q A is maintained fully reduced (Krause and Weiss 1991) . The initial rise upon actinic illumination is photochemical and is due to the light-dependent reduction of electron transport carriers between PSII and PSI. Fluorescence quenching is attributed to utilization of excitation energy for photochemical reactions or to increased energy dissipation (Krause and Weiss 1991) . It is apparent from the trace in Fig. 2a that (Fig. 2b) (Fig. 2c, d ). Upon switching o the actinic illumination, an overshoot of the¯uorescence could be observed in the induction curves carried out at 5°and 0°C (Fig. 2b, c) . At A10°C, the¯uorescence yield was very low and neither saturating pulses nor actinic illumination could elicit any variable¯uorescence. Subsequent thawing (Fig. 2f±i) , brought back the induction curves. At A5°and 0°C, the curves were characterized by low F v , strong light-induced NPQ and considerable quenching of F o and F m (Fig. 2f, g ). With increasing temperature, F v increased and F o and F m quenching and NPQ declined (Fig. 2h, i) .
NPQ and CO 2 ®xation during freeze-thaw cycles in the light
The relationships between CO 2 ®xation, modulated¯u-orescence parameters and temperature during a freeze- Fig. 3 . Moss cores of L. sciuroides exhibited high photosynthetic rates at 15°C that gradually declined with decreasing temperature (Fig. 3a) . Carbon ®xation continued below sub-zero temperatures until A5°C. Further temperature declines induced a cessation of net CO 2 ®xation.
The actual PSII eciency, F PSII , decreased following the decline in temperature (Fig. 3b) Figure 3c,d shows that the decline in F PSII was due to a decrease in both p H v /p H m and q P . There was no close correlation between uorescence parameters and CO 2 ®xation. For example, at 0°C when carbon ®xation had declined 45% compared to the initial values, F PSII was much more affected, and showed a 75% decrease. Finally, NPQ (Fig. 3e ) was low at 15°C, and increased markedly with declining temperature.
Subsequent thawing in the light induced the recovery of CO 2 ®xation (Fig. 3f) , and the¯uorescence parameters F PSII (Fig. 3g) (Fig. 3h) without delay with respect to the temperature increase. Additionally, q P increased and NPQ decreased to their original condition before freezing (Figs. 3i, j) .
Determination of F PSII , q P and NPQ during thawing of dark-frozen samples in the light To simulate diel temperature cycles in which the temperature drops below zero overnight and rises progressively at dawn, samples were slowly frozen in darkness and thawed in the light. At the onset of actinic illumination, at A5°C, the actual PSII eciency, F PSII , photochemical quenching, q P , and non-photochemical quenching were close to zero in L. sciuroides (Fig. 4) . In the range from A2°to 0°C, F PSII and q P increased moderately, coinciding with a large enhancement of NPQ. Subsequent temperature increases further reactivated F PSII and q P . This was followed by a progressive decline of NPQ to low values. The reduction of PSII eciency described here was not accompanied by pigment bleaching: neither neoxanthin nor lutein, b-carotene or the Chla/b ratio were aected by freezing (Table 1) . Transition of dark-adapted samples to actinic light at 15°C increased the DPS of their xanthophyll pool by 250%. Freezing in the light did not induce a further increase in the DPS compared to samples that had been illuminated at 15°C for 240 min. On the contrary, the DPS values of the frozen moss cores were slightly lower than those of moss exposed to light at 15°C.
Discussion
Full recovery of PSII eciency and CO 2 ®xation in L. sciuroides after freeze-thaw stress suggests that this Mediterranean moss eectively avoids damage to the photosynthetic apparatus during freezing and thawing. Cold-induced drops in energy utilization in CO 2 ®xation correlated with an enhancement of non-radiative dissipation of energy, measured as NPQ, which downregulated PSII eciency. Non-photochemical quenching is reported to be the main mechanism against damage to the photosynthetic apparatus (Weiss and Berry 1987; Horton and Hague 1988) and involves an increase in heat deactivation of excitons in the antenna (Demmig- Adams and Adams 1994; Ruban and Horton 1995) which decreases delivery of excitation energy to sensitive reaction centres. Therefore, the enhancement of NPQ observed in L. sciuroides during thawing in the light of samples frozen in darkness might protect its photosynthetic apparatus from photooxidative damage during freezing events in the ®eld, providing adequate protection in the early morning hours when photosynthesis is impaired by low temperatures and allowing the rapid reestablishment of photosynthetic quantum conversion in the course of the day as the temperature increases. These changes are similar to those described in the Antarctic moss Grimmia antarctici during thawing (Lovelock et al. 1995a) . It is conceivable that the reactivation of electron transport during thawing in the light, when CO 2 ®xation is low, gives rise to acidi®cation of the thylakoid lumen that enhances thermal energy dissipation. This can be seen as an increase in NPQ during thawing in L. sciuroides and G. antarctici. The freezing tolerance of L. sciuroides is of great ecological signi®cance, since snow cover, which protects moss from¯uctuations in light intensity and temperature (Salisbury 1984 ) is usually rare in the mountainous areas of the Mediterranean (PeÂ rez-Cueva 1994).
The involvement of NPQ in the downregulation of PSII eciency in L. sciuroides is illustrated by the fact that temperatures that induced complete cessation of photochemical activity in the light only caused a 49% decrease in the amplitude of the F v signal in darkness. This light-dependent reduction in the level of F v during freezing in the light is presumably associated with the strong NPQ exhibited by illuminated moss cores. Nonphotochemical quenching results from the interaction of lumen acidi®cation (Walters and Horton 1993) and deepoxidised xanthophylls (Krause and Weiss 1991; PfuÈ ndel and Bilger 1994; Demmig-Adams et al. 1995) . The fact that the NPQ increase could not be correlated with a DPS increase of the xanthophyll pool suggested that NPQ arose from the interaction of pre-existing levels of de-epoxidised xanthophylls and the thylakoid DpH. Additionally, the quenching of p H m and p H o compared to F m and F o recorded during freezing suggested that NPQ was mostly high-energy quenching or q E (Rees et al. 1990; Gilmore and Yamamoto 1991) . Changes in the NPQ level in the absence of shifts in the DPS of the xanthophyll cycle pigments have been previously reported in Alocasia brisbanensis in response to rapidly changing light conditions (Logan et al. 1997) . The lower DPS of the xanthophyll pool in frozen samples of L. sciuroides could be due to a slowdown of Zea formation in low temperatures (Adams and DemmigAdams 1995; Arvidsson et al. 1997) . It is possible that the NPQ levels during freezing might be even higher that the values described. This could be due to the fact that the F m levels at 15°C might be somewhat quenched, resulting in an understimation of the NPQ levels. This phenomenon has been previously described by Adams et al. (1994) .
Additional data support the conclusion that the photosynthetic apparatus of L. sciuroides remains intact during freeze-thaw cycles. (1) Increases in F o can sometimes be ascribed to damage to PSII reaction center function (Cleland et al. 1986; Osmond et al. 1993) . Thus, the observed decline in F o during freezing would suggest a lack of photoinhibitory damage. (2) The NPQ decline without delay with respect to the increase in temperature indicated that the contribution of the (Schindler and Lichtenthaler 1996) . (3) The re-oxidation of the quinone pool showed that electron transport through PSI was fully functional as suggested by Chen and Hsu (1995) . (4) The lack of pigment degradation indicates that photobleaching of Chl and carotenoids is eectively prevented during freeze-thaw cycles, again consistent with the conclusion that the photosynthetic apparatus remains essentially intact (Seel et al. 1992; Tuba et al. 1996) . Freezing leads to the movement of water out the cells towards ice nuclei that form extracellularly, and this translocation of water leads to dehydration of the protoplast (Kennedy 1993; Schroeter and Scheidegger 1995) . Accordingly, the changes at the photosynthesis level during freezing described in the present work closely resemble the changes in photosynthesis taking place during desiccation in bryophytes. Dehydration of moss gametophores induces a progressive cessation of photosynthetic carbon ®xation (Seel et al. 1992; Gerdol et al. 1996; Zotz et al. 1997) resulting in an increasing amount of excess energy that enhances non-radiative energy dissipation in desiccation-tolerant mosses. Additionally, desiccation leads to the impairment of PSIImediated electron transport and Q A reduction (Deltoro et al. 1998) . Similar changes have been described during desiccation in other poikilohydric plants, such as lichens (Lange et al. 1989; Calatayud et al. 1997) , algae (Chen and Hsu 1995) or the resurrection plant Selaginella lepidophyla (Eickmeier et al. 1993) .
To summarise, the results of the present study contribute to understanding the freezing tolerance of mosses from temperate latitudes. The complete recovery of photosynthetic eciency of PSII in the Mediterranean moss L. sciuroides after freeze-thaw stress indicates that this species can tolerate cycles of freezing and thawing in a manner similar to that of mosses from higher latitudes or the Antarctic. The resistance of the photosynthetic apparatus of L. sciuroides to freezing might be achieved, at least partially, through the avoidance of oxidative damage to PSII by means of dissipative pathways, such as thermal energy dissipation.
